Epitaxial CrN͑001͒ layers, 57 and 230 nm thick, were grown on MgO͑001͒ at 700°C by ultrahigh-vacuum magnetron sputter deposition in pure N 2 discharges. An oblique deposition angle ␣ = 80°was utilized to purposely increase the effect of atomic shadowing on surface morphological and microstructural evolution. The layers are single crystals with a surface morphology that is characterized by dendritic ridge patterns extending along orthogonal ͗110͘ directions superposed by square-shaped supermounds with ͗100͘ edges. The ridge patterns are due to a two-dimensional growth instability related to a gradient in the adatom density while the supermounds form due to atomic shadowing. The supermounds protrude out of the surface and capture a larger deposition flux than the surrounding layer. This leads to both vertical and lateral growth and the formation of inverted pyramids that are epitaxially embedded in a single crystalline matrix. The inverted pyramids are terminated by 1-3-nm-wide tilted voids that form nanostaircases due to kinetic faceting along orthogonal ͕100͖ planes. and ultimately "cauliflower"-type morphologies.
Epitaxial CrN͑001͒ layers, 57 and 230 nm thick, were grown on MgO͑001͒ at 700°C by ultrahigh-vacuum magnetron sputter deposition in pure N 2 discharges. An oblique deposition angle ␣ = 80°was utilized to purposely increase the effect of atomic shadowing on surface morphological and microstructural evolution. The layers are single crystals with a surface morphology that is characterized by dendritic ridge patterns extending along orthogonal ͗110͘ directions superposed by square-shaped supermounds with ͗100͘ edges. The ridge patterns are due to a two-dimensional growth instability related to a gradient in the adatom density while the supermounds form due to atomic shadowing. The supermounds protrude out of the surface and capture a larger deposition flux than the surrounding layer. This leads to both vertical and lateral growth and the formation of inverted pyramids that are epitaxially embedded in a single crystalline matrix. The inverted pyramids are terminated by 1-3-nm-wide tilted voids that form nanostaircases due to kinetic faceting along orthogonal ͕100͖ planes. Atomic shadowing during physical vapor deposition causes underdense columnar microstructures, exacerbated surface roughening, and extended voids in metal, ceramic, and semiconductor layers. [1] [2] [3] [4] It is most dominant for growth under limited adatom mobility conditions where it leads to rough surfaces with self-similar mountain landscapes, 5 narrow grooves, 6, 7 and ultimately "cauliflower"-type morphologies. 8 Atomic shadowing results in particularly interesting microstructures if its effect is maximized by an oblique deposition angle, 9 also termed glancing angle deposition ͑GLAD͒. 10, 11 This yields, when combined with simultaneous rotation about the polar angle in predefined cycles, to highly underdense coatings, tilted nanocolumn arrays, nanosprings, nanoflowers, and helices, built from a variety of materials and material combinations. [12] [13] [14] [15] [16] Atomic shadowing during the growth of epitaxial transition metal nitride layers results in the formation of nanopipes: 1-nm-wide open pores that are aligned along the growth direction and assemble into self-organized arrays. They have been observed in ScN, 17, 18 CrN, 19 TaN, 20 and Ti 1−x W x N, 21 grown by reactive sputter deposition on MgO͑001͒ at temperatures T s = 500-800°C. The formation of nanopipes is attributed, in addition to atomic shadowing, to the highly anisotropic surface diffusion in these nitrides, 22 which is, at typical growth temperatures, 7 orders of magnitudes faster on ͗100͘ than on ͗111͘ surfaces. [23] [24] [25] In this Letter, we describe the formation of a new void structure in epitaxial CrN͑001͒ that forms due to atomic shadowing when the deposition angle ␣ is purposely chosen to be oblique; in our case ␣ = 80°. Under such conditions, square-shaped supermounds protrude out of the surface, capturing a larger deposition flux than the surrounding matrix, leading to both vertical and lateral growth. The resulting microstructure consists of inverted pyramids that are epitaxially embedded in a single crystalline matrix. The inverted pyramids are terminated by 1-3-nm-wide voids that form nanostaircases due to kinetic faceting along orthogonal ͕100͖ planes.
All layers were grown in a load-locked multichamber ultrahigh-vacuum magnetron sputter deposition system described in detail in Ref. 26 . A 7.5-cm-diam Cr target ͑99.95% pure͒ was positioned at 10 cm from the substrate with the target center within the plane of the substrate surface, yielding an average azimuthal deposition angle of 80°, measured with respect to the sample normal. The angular distribution of the deposition flux, determined using the erosion track on the target, ranges from 77°-90°. The substrates were polished 10ϫ 10ϫ 0.5 mm 3 MgO͑001͒ wafers cleaned with successive rinses in ultrasonic baths of trichloroethylene, acetone, methanol, and deionized water, blown dry with dry N 2 , and thermally degassed in the deposition system at 800°C for 1 h. Deposition was done at 20 m Torr ͑2.6 Pa͒ in 99.999% pure N 2 that was further purified using a Micro Torr purifier. Sputtering was carried out at a constant power of 150 W, yielding a deposition rate of 3.8 nm/ min. The film growth temperature T s = 700°C, including the contribution due to plasma heating, was measured with a pyrometer that was cross calibrated by a thermocouple within the sample stage. The substrate and growing layer were continuously rotated about the polar axis with 50 rpm, resulting in an overall circular symmetric deposition flux. Following deposition, the layer surface morphology was investigated using ex situ tapping-mode atomic force microscopy ͑AFM͒ using a Digital Instruments Multimode SPM Nanoscope III with Nanodevices Tap300 silicon tips with tip radii of 10 nm. Layer microstructures were analyzed by cross-sectional transmission electron microscopy ͑XTEM͒ using a Philips CM12 microscope with a LaB 6 filament operated at 120 kV. Figure 1 shows typical AFM images from CrN layers grown at 700°C with thicknesses of 57 and 230 nm in ͑a͒ and ͑b͒, respectively. The surface morphologies are characterized by dendritic ridge patterns extending along orthogonal ͗110͘ directions superposed by square growth mounds with edges aligned along the ͗100͘ directions, which are the low-energy Cr-N bond directions. 19 The square-shaped mounds are considerably ͑up to five times͒ taller than the ridges, and are, in the following, referred to as "supermounds." Their average lateral width increases from 72 to 332 nm, their average height increases from 3 to 26 nm, and their density decreases from 48 to 1.3 m −2 , as the layer thickness increases by a factor of 4 from 57 to 230 nm. We attribute the growth of supermounds as a function of layer thickness to the preferential growth that occurs for features that protrude out of the surface and, due to atomic shadowing, capture a larger fraction of the incoming deposition flux than the surrounding matrix. This effect is particularly strong because of the purposely chosen oblique deposition angle of 80°. If two or multiple protrusions are close together, a competitive growth mode will favor the larger protrusion while the smaller will die out, leading to the observed decrease in supermound number density as a function of layer thickness.
The formation of the ridges and secondary dendritic finger structures along orthogonal ͗110͘ directions can be attributed to a Bales-Zangwill instability. 27 That is, growth of CrN͑001͒ layers at 700°C proceeds under relatively high adatom mobility conditions for which adatom incorporation occurs primarily at step edges ͑rather then via island nucleation͒. This, in turn, results in denuded zones near ascending step edges with corresponding adatom concentration gradients extending out into the adjacent terraces. The surface steps themselves, which are rough on large length scales, are composed locally of low-energy 100 and 010 facets giving rise to alternating outward-facing convex corners and inward concave corners. The convex regions, due to the adatom concentration gradient, grow faster than the concave regions giving rise to the formation of dendritic or fingerlike structures along the orthogonal ͗110͘ directions. Figure 2͑a͒ is a typical ͓100͔-zone-axis cross-sectional transmission electron micrograph from a 57-nm-thick CrN͑001͒ layer deposited from an azimuthal angle ␣ = 80°o nto MgO͑001͒ at 700°C. The corresponding selected area electron diffraction ͑SAED͒ pattern in Fig. 2͑b͒ , obtained with a 400-nm-aperture centered at the substrate/layer interface, consists of overlapping symmetric 002, 022, 004, and 024 reflections, signifying a cube-on-cube epitaxial relationship: ͑001͒ CrN ʈ ͑001͒ MgO with ͓100͔ CrN ʈ ͓100͔ MgO . The spots that emanate from the layer and the substrate overlap nearly perfectly, but can be resolved individually in higher magnification patterns, as illustrated for the 024 reflections in the inset in Fig. 2͑b͒ . Their small separation corresponds to the 1.2% room-temperature mismatch between the lattice constants, 0.4162 and 0.4213 nm, for the CrN layer and the MgO substrate, respectively. 19 The micrograph in Fig. 2͑a͒ shows an abrupt substrate/layer interface, with circular misfit-strain contrast extending into the substrate.
The most prominent feature in Fig. 2͑a͒ is an inverted pyramid, which exhibits the same crystalline orientation as the surrounding layer. Inverted pyramids are randomly distributed in the layer, as revealed in larger scale XTEM investigations ͑not shown͒, and have an average spacing of 250± 100 nm-comparable to typical supermound separations in Fig. 1͑a͒ . The flat pyramid top in Fig. 2͑a͒ has a width of 73 nm, which is within 70-85 nm, the range observed by AFM. The top surface protrudes 2.5 to 6 nm above the surrounding layer surface, also in reasonable agreement with the AFM value of 3 nm. The inverted pyramid is separated from the layer by narrow gaps, which form due to atomic shadowing, comparable to previously reported nanopipes in transition metal nitrides. [17] [18] [19] [20] [21] However, in the present study, these voids are tilted by an angle of 32°with respect to the substrate surface normal and exhibit a width that increases with layer thickness, from 1 to 3 nm. The higher magnification image in Fig. 2͑c͒ shows that the gaps are terminated by tilted smooth surfaces on the lower ͑continuous-layer͒ side, but form a nanostaircase structure with ͕100͖ facets on the upper ͑pyramid͒ side. The step size of this nanostaircase is ϳ3 nm. 
FIG. 2. ͑a͒
Cross-sectional transmission electron micrograph near the ͓100͔ zone axis with ͑b͒ a corresponding selected area electron diffraction pattern including a higher magnification pattern from the 024 spots in the inset, and ͑c͒ a higher magnification micrograph from the nanostaircase in ͑a͒, from a 57-nm-thick CrN/ MgO͑001͒ layer grown at 700°C with an oblique deposition angle ␣ =80°. We propose that the formation of nanostaircases is due to kinetic faceting, caused by a simultaneous vertical and horizontal growth, as illustrated in the schematic in Fig. 3͑a͒ and discussed in the following. The schematic indicates surface areas that are exposed to a high ͑H͒, low ͑L͒, and negligible ͑N͒ deposition flux. The horizontal top surfaces of both the inverted pyramid as well as the continuous layer on the far left in Fig. 3͑a͒ exhibit a high growth rate, since they capture impinging species independent of the polar angle that is continuously varied during deposition. However, the growth rate of the layer adjacent to an inverted pyramid decreases with decreasing distance from the pyramid, due to atomic shadowing, and leads to a surface tilt of 5°, as also observed in Fig. 2͑a͒ . The top portion of the vertical facet that terminates the gap between layer and pyramid exhibits a high horizontal growth rate, due to the impinging oblique deposition flux ͑from the left͒. In contrast, the surfaces farther down have negligible growth as indicated in Fig. 3͑a͒ . The relatively abrupt transition from a high to a negligible deposition flux on the vertical facet leads to kinetic faceting along orthogonal ͑010͒ and ͑001͒ planes, as described in the following: If the vertical facet is sufficiently small, surface diffusion leads to layer-by-layer growth ͓Fig. 3͑b͔͒, since adatoms that impinge on the growing island diffuse over the step edge and attach at the ascending step site. The island will grow until it reaches the end of the facet, as indicated with the dashed lines. Subsequent deposition leads to the nucleation of a new island since adatom migration from this vertical facet to the adjacent horizontal facets is suppressed by a threedimensional Ehrlich-Schwöbel barrier. 28 As layer growth proceeds, the inverted pyramid grows in height, which translates in an increase in the facet size l f as shown in Fig. 3͑c͒ . Consequently, the surface island grows larger than the nucleation length l c , leading to the nucleation of a second-layer island. Adatoms deposited onto the first-level will now preferentially attach to the second-layer island, since migration to the lower level is suppressed by a ͑small͒ kinetic barrier for diffusion over step edges. 29 The first-level island will nevertheless continue to grow, due to atoms that impinge on the ͑0-level͒ facet. However, the growth of the first-level island occurs only upwards, since the lower end of the facet is no longer exposed to the deposition flux, as indicated by the letter "N" for negligible deposition. This leads to the formation of a new horizontal ͑001͒ facet as illustrated in Fig. 3͑d͒ . The recurring growth sequence illustrated in Figs. 3͑b͒-3͑d͒ results in the development of ϳ3-nm-wide steps and ultimately the formation of nanostaircases.
In summary, atomic shadowing during deposition of epitaxial CrN͑001͒ from an oblique angle of 80°leads to square-shaped supermounds that protrude out of the surface. The exacerbated shadowing from the supermounds results in the formation of tilted voids that separate developing inverted pyramids from the bulk part of the layer. A strong gradient in the deposition flux on vertical surfaces that terminate the inverted pyramids causes kinetic faceting along orthogonal ͕100͖ planes and leads to the formation of nanostaircases. Nanostaircases are an intriguing example for the complexity of structures that develop due to a simple geometric growth instability.
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